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Ecological factors are important determinants of the development and function of anti-pathogen
defences. Inflammation is a central part of innate immunity, but the developmental factors that shape
the regulation of inflammation are not known. We test the hypothesis that microbial exposures in infancy
are associated with high sensitivity C-reactive protein (CRP) in adulthood using prospective data from a
birth cohort in the Philippines (n ¼ 1461). Lower birth weight was associated with increased CRP, con-
sistent with a role for inflammation in the widely documented inverse relationship between birth weight
and adult cardiovascular diseases. In addition, higher levels of microbial exposure in infancy were associ-
ated with lower CRP. These associations were independent of socioeconomic status, measures of current
body fat and other health behaviours. We conclude that measures of microbial exposure and nutrition
during the pre-natal and early post-natal periods are important predictors of CRP concentration
in young adulthood. We speculate that the development of anti-inflammatory regulatory networks in
response to early microbial exposure represents plasticity in the development of anti-pathogen defences,
and that this process may help explain the low CRP concentrations in this population.
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adult disease; ecological immunology1. INTRODUCTION
Recent analyses of historical demographic data have led to
the proposal that human life expectancy gains over the
past 250 years in industrialized settings are due in part
to reduced exposure to inflammation across the life
course. According to this hypothesis, early infectious
exposures result in a ‘cohort morbidity phenotype’
characterized by chronic activation of inflammatory path-
ways, thereby increasing risk for morbidity and mortality
later in life (Finch & Crimmins 2004; Crimmins & Finch
2006). This hypothesis draws on a rapidly growing body
of research demonstrating that high sensitivity C-reactive
protein (CRP)—a key biomarker of inflammation—is
positively associated with incident cardiovascular disease
(CVD) (Ridker et al. 1998), type 2 diabetes (Pradhan
et al. 2001), the metabolic syndrome (Ridker et al.
2003), late-life disability (Kuo et al. 2006) and mortality
(Jenny et al. 2007) in older adults.
The idea that environmental exposures early in life
condition risk for disease in adulthood first emerged
from group-level analyses of vital statistics showing that
community death rates in infancy and childhood predict
life expectancy within birth cohorts, independently of
current living conditions (Kermack et al. 1934; Forsdahlr for correspondence (t-mcdade@northwestern.edu).
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17 November 2009 11291977). Pre-natal under nutrition—as indicated most
commonly by lower birth weight—has since been the
focus of efforts to explain these cohort effects (Barker &
Osmond 1986), while more recent research including a
wider range of human populations and experimental
animal models has demonstrated that pre-natal and
early post-natal nutritional stressors increase risk for car-
diovascular and metabolic diseases later in life through
developmental modifications to physiological systems,
organ growth and metabolism (Barker 1994; Gluckman
et al. 2008). In light of this literature, the inflammation
hypothesis requires careful evaluation to identify whether
early infectious exposures are associated with physiologi-
cal function, morbidity and mortality later in life, and
whether these associations are independent of other
early life exposures. No studies of which we are aware
have investigated post-natal infectious or microbial
exposures in relation to inflammation in individuals
that were subsequently followed longitudinally into
adulthood.
An alternative, and not necessarily contradictory,
adaptationist approach recognizes that anti-pathogen
defences are energetically costly to the organism, and
that systems of defence can be expected to develop in
response to ecological factors across the life course
(Sheldon & Verhulst 1996; Schulenburg et al. 2009).
CRP is an important component of innate immunity,This journal is q 2009 The Royal Society
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gocytic activity and opsonizing bacteria, fungi and
parasites. It is produced by hepatocytes in response to
pro-inflammatory cytokines, including IL-6, IL-1 and
TNF-a (Ballou & Kushner 1992; Libby et al. 2002). As
part of the acute phase response, concentrations of CRP
increase dramatically in response to a wide range of
pathogens, providing a rapid first line of defence while
slower adaptive immune defences come online. For this
reason, CRP has historically been used as a non-specific
marker of infection, but the recent advent of high sensi-
tivity assays has drawn attention to the important role
that chronic, low-grade inflammation may play in the
pathophysiology of a wide range of chronic diseases
(Ross 1999). The vast majority of this work has been con-
ducted in relatively affluent settings with low levels of
infectious disease, and it has focused on excess body
fat—visceral adipose tissue in particular—as a primary
source of pro-inflammatory cytokines that increase
production of CRP (Lyon et al. 2003; Rexrode et al.
2003).
However, developmental plasticity and ecological
responsiveness are key features of the human immune
system, and nutritional as well as microbial exposures
early in life are prime drivers of immune development
that have implications for function in adulthood
(McDade 2003). Evidence in support of the ‘hygiene
hypothesis’ provides an example: reduced exposure to
microbes in infancy/childhood owing to rising standards
of sanitation and hygiene has been associated with elev-
ated rates of atopic diseases, as well as other pathologies
related to immune dysregulation, later in life (Strachan
1989; Rook & Stanford 1998; Illi et al. 2001). Similarly,
in prior research, we have shown that low birth weight
was associated with reduced antibody responsiveness to
vaccination in adolescence, whereas higher levels of diar-
rhoea morbidity in infancy predicted enhanced antibody
responsiveness (McDade et al. 2001). From this perspec-
tive, infectious exposures represent important ecological
inputs that guide the development of immune defences,
and in the absence of such inputs, poorly regulated or
self-directed activity may be more likely to emerge. As
such, one might hypothesize that early microbial
exposures are negatively associated with inflammation in
adulthood, in contrast to the cohort morbidity hypothesis.
Research on CRP in a population characterized by higher
levels of exposure to infectious disease is necessary to
address this question, and to complement current
research on the determinants of inflammation conducted
in affluent settings with low burdens of infection.
Here, we test the hypothesis that microbial and infec-
tious exposures in infancy are associated with CRP in
young adulthood using data from a large prospective
birth cohort study in the Philippines. The study began
in 1983 when the participants were in utero, and it
included detailed follow-up surveys throughout infancy
to assess infectious morbidity, infant feeding, growth
and other characteristics, as well as several subsequent
follow-up surveys across childhood, adolescence and
into adulthood. The Philippines is a lower middle
income nation in the midst of significant economic, diet-
ary and lifestyle transitions, and it exemplifies current
trends towards increasing rates of overweight, CVDs
and the metabolic syndrome globally (Adair 2004;Proc. R. Soc. B (2010)Tanchoco et al. 2003). However, infectious diseases still
account for significant burdens of morbidity and mor-
tality, and episodes of diarrhoea were frequent when the
cohort was in infancy (VanDerslice et al. 1994; Rice
et al. 2000).
Prior cross-sectional analyses of CRP in adulthood in
this cohort have revealed low concentrations compared
with western populations, as well as different patterns of
association between body fat and CRP, raising the possi-
bility that distinct ecological exposures early in life may
have lasting impact (McDade et al. 2008, 2009).
We evaluate this possibility by taking advantage of the
detailed longitudinal data to consider whether measures
of early nutrition and infectious exposures predict
elevated CRP in adulthood, adjusting for a range of
potentially confounding and moderating influences.2. MATERIAL AND METHODS
(a) Participants and data collection
The Cebu Longitudinal Health and Nutrition Survey
(CLHNS) began in 1983 with the recruitment of 3327 preg-
nant women representative of the childbearing population in
Cebu City (Cebu Study Team 1991). A single stage cluster
sampling procedure was used to randomly select 17 urban
and 16 rural neighbourhoods in Cebu, and households
were surveyed to locate all pregnant women. The women
and their children have been followed through multiple
rounds of data collection since 1983, including the most
recent survey conducted in 2005. The 2005 survey included
1885 index children, 1486 of whom provided complete
anthropometric, CRP and interview data for these analyses.
An additional 25 women pregnant at the time of the survey
were not included in the analyses owing to the effect of preg-
nancy on inflammation, yielding a final sample size of 1461.
Participants provided information on household demo-
graphics, economic activities and resources, environmental
quality and health behaviours in face-to-face interviews con-
ducted in their homes. Interviewers also provided
assessments of household and neighbourhood attributes.
Standard procedures (Lohman et al. 1988) were
implemented in the home to collect anthropometric
measures of standing height (without footwear), weight (in
light clothing), skinfold thicknesses and waist circumference.
All data were collected under conditions of informed consent
with institutional review board approval from the University
of North Carolina, Chapel Hill.
We evaluated how our sample differed from the original
cohort as assessed when the study started in 1983. Com-
pared with those lost to follow-up, participants remaining
in the study had higher mean birth weights (mean (s.e.)
difference ¼ 52.7 (15.9) g, p , 0.001), were born to mothers
with less formal education (0.37 (0.13) years, p , 0.01) and
had higher frequencies of infection in the first year of life (res-
piratory infection: 0.61 (0.06) episodes, p , 0.001;
diarrhoea: 0.20 (0.04) episodes, p , 0.001). They were also
more likely to come from families that owned their homes in
1983 (74.1 versus 57.3%, p , 0.001), and were more likely
to live in rural communities (25.6 versus 21.5%, p , 0.01).
Participants did not differ with respect to household
income or assets at baseline.
Attrition in the CLHNS is due primarily to out migration.
Of the pregnant women who were initially asked to partici-
pate in 1983 during the complete census of selected
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enrolled 3327 women during pregnancy, 3080 of whom
gave birth to a single live infant, comprising the core
sample for subsequent follow-up. Individuals not followed
up had multiple births (n ¼ 26), stillbirth or miscarriage
(n ¼ 42), refused participation after baseline enrollment
(n ¼ 17) or migrated outside of the Cebu area (n ¼ 136).
Rates of refusal for subsequent surveys were low (5–10%),
with loss-to-follow-up due primarily to individuals relocating
outside of the Metro Cebu area. As a result, participants in
the 2005 survey are selective of households that are less
mobile compared with all participants in the original cohort.(b) CRP analysis
Blood samples were collected into EDTA-coated vacutainer
tubes in the participants’ homes in the morning after an over-
night fast. Blood samples were kept in coolers on ice packs
for no more than 2 h and were then centrifuged to separate
plasma prior to freezing at 2708C. Samples were express-
shipped to Northwestern University on dry ice and stored
frozen at 2808C until analysis. CRP concentrations were
determined using a high sensitivity immunoturbidimetric
method (Synchron LX20, lower detection limit: 0.1 mg l21).(c) Independent variables
Information on infectious morbidity was collected during the
first two years as part of in-home interviews conducted at
bimonthly intervals following birth. Mothers were asked
whether their infant had shown symptoms of diarrhoea or
respiratory infection during the week preceding the interview.
We constructed separate variables summing the number of
bimonthly intervals in which individuals had diarrhoea or
respiratory infection. In order to consider the potential
impact of timing of exposure, separate morbidity variables
were constructed for 2–12 and 14–24 months, inclusive.
Following prior research in the Philippines and elsewhere
(VanDerslice et al. 1994; Nurgalieva et al. 2002; Prado et al.
2003), we considered several household-based measures to
estimate the level of exposure to infectious microbes in
infancy. These measures included the following, assessed
during baseline interviews in 1983: household density
(number of persons/number of rooms), level of faecal con-
tamination of the yard outside the home (based on
interviewer observation; 0 ¼ no faeces, 4 ¼ heavy contami-
nation), type of toilet (no toilet or pit versus flush/water
sealed) and source of drinking water (closed sources: bottled,
piped municipal supply, closed well with pump, versus open
sources: uncovered well, spring, river, rain). Exposure to
animal faeces in the home was assessed by summing the
number of bimonthly intervals that the interviewer observed
that the infant was crawling, and that animals were present in
the home.
Separate indicator variables were defined to indicate birth
in the dry season or the rainy season. The dry season was
defined as February to April. The rainy season was defined
as June to October. Prior analyses have shown that rainfall,
poor drainage and water supplies contaminated by heavy
rains are associated with spread of pathogens and infectious
morbidity in Cebu (Moe et al. 1991; VanDerslice et al.
1994). The frequency of diarrhoea (1.4 versus 1.0 episodes,
p , 0.001) and respiratory infection (4.4 versus 4.2,
p , 0.05) in the 12 months after delivery was significantly
higher for individuals born in the dry season, suggestingProc. R. Soc. B (2010)higher levels of microbial exposure in early infancy for
these individuals.
Measures of the pre-natal environment included birth
weight, gestational age and parity. Additional post-natal
measures included growth in length and weight during the
first two years, and the duration of breastfeeding (exclusive
and total). Anthropometric measures and breastfeeding
information were collected at each bimonthly interview
during the first two years following birth.
In order to assess infectious morbidity at the time of blood
collection, we asked participants if they were currently
experiencing any symptoms of infection. Symptoms included
runny nose, cough, fever, diarrhoea, sore throat as well as the
more general categories of ‘flu,’ ‘cold,’ and ‘sinusitis’.
Responses were used to construct a single variable indicating
the presence of any infectious symptoms at the time of blood
collection.
Other adult characteristics included anthropometric
measures of adiposity (waist circumference, sum of triceps,
subscapular and supra-iliac skinfold thicknesses), individual
health behaviours shown previously to be related to CRP
(smoking, alcohol consumption, oral contraceptive use)
and multiple measures of socioeconomic status: household
income, household assets and educational attainment.
Following prior cross-sectional analyses of the predictors of
CRP in this sample (McDade et al. 2009), we also con-
structed a household pathogen exposure variable based on
five measures, each scored on a three-point scale (0 ¼ low
exposure, 1 ¼moderate, 2 ¼ high) and assessed at the time
of CRP measurement: cleanliness of the food preparation
area, means of garbage disposal, presence of excrement
near the house, level of garbage and excrement present in
the neighbourhood surrounding the household.
(d) Data analysis
We tested the hypothesis that infectious exposures in infancy
are associated with inflammation in adulthood in two ways.
First, we used a series of logistic regression models predicting
the likelihood of having CRP concentration in the top tertile
of the sample distribution (0.7 mg l21). The tertile
approach has been used previously in several population-
based studies of CRP (Danesh et al. 2000), and our
application of this approach facilitates comparison with
prior research in other settings. A cut-point approach also
allows us to consider whether associations between early
environments and adult CRP concentration are threshold
in nature, rather than continuous.
Second, we evaluated a series of regression models inves-
tigating log-transformed CRP as a continuous dependent
variable. We applied Tobit regression models for censored
data to account for non-normality in the distribution of
log-CRP values. Left censoring of the distribution is due to
the large number of observations with values below the
lower detection limit of the CRP assay. The application of
ordinary least-squares regression procedures would probably
result in biased and unstable parameter estimates, whereas
Tobit regression takes into account the censored nature of
the distribution to provide more reliable parameter estimates
(Greene 2000). Observations below the detection limit are
included in all Tobit models (as they are for the logistic
regression models).
For both logistic and censored regression models, individ-
uals with CRP . 10 mg l21 were removed from the analyses
based on recommendations issued by a recent joint scientific
Table 1. Descriptive statistics for female and male participants. Mean (s.d.) values are presented for continuous variables
(n ¼ 1461).
female (n ¼ 672) male (n ¼ 862) total (n ¼ 1534)
assessed in infancy
birth weight (kg) 2.991 (0.402) 3.029 (0.433) 3.012 (0.420)
gestation length (weeks) 39.2 (2.5) 38.8 (2.4) 39.0 (2.5)
weight gain, 1st year (kg) 4.678 (0.860) 5.217 (0.934) 4.978 (0.945)
mother’s education (years) 7.3 (3.6) 7.5 (3.7) 7.4 (3.6)
household income (pesos) 278.1 (411.7) 286.3 (539.0) 282.7 (486.8)
duration exclusive breastfeeding (days) 60.2 (38.9) 57.0 (39.5) 58.4 (39.3)
assessed in adulthood
age (years) 20.9 (0.3) 20.9 (0.3) 20.9 (0.3)
education (years) 11.6 (3.3) 10.5 (3.8) 10.9 (3.6)
waist circumference (cm) 68.1 (7.7) 72.1 (7.5) 70.3 (7.8)
sum of three skinfold measures (mm) 62.3 (19.6) 37.6 (18.1) 48.4 (22.4)
symptoms of infection (%) 14.6 13.7 14.1
oral contraceptive use (%) 3.7
CRP (median, 25th, 75th percentile) 0.2 (0.1, 0.9) 0.3 (0.1, 0.9) 0.2 (0.1, 0.9)
Table 2. Bivariate associations between elevated CRP in
young adulthood and measures of infectious exposures in
infancy (excluding individuals with CRP . 10 mg l21).
Mean (s.d.) values are presented for continuous variables;
percentages are presented for categorical variables. Two-
sample t-tests (continuous variables) and Pearson x2-tests
(categorical variables) were used to evaluate differences
between groups with CRP , 0.7 and CRP  7 mg l21.
CRP , 0.7 mg l21 CRP  0.7 mg l21
diarrhoea, 1st year
(no. episodes)
1.12 (1.10) 1.05 (0.99)

















1.33 (1.30) 1.08 (1.20)**
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Centers for Disease Control and Prevention (Pearson et al.
2003). Concentrations of CRP above 10 mg l21 are pre-
sumed to be the result of acute inflammatory processes,
although recent research has suggested that CRP concen-
trations above 10 mg l21 are also predictive of CVD risk
(Mueller et al. 2002). We therefore conducted a final series
of analyses using the entire sample. All statistical analyses
were conducted with STATA for Windows, v. 10 (StataCorp,
College Station, TX).
Analyses proceeded in three stages. First, we considered
bivariate associations between adult CRP and multiple
measures of microbial exposure and infectious disease symp-
toms in the first two years of infancy (unadjusted models).
We also considered birth weight, post-natal growth and
breastfeeding duration as additional predictors of adult
CRP. Second, we evaluated these variables simultaneously
in regression models including gender to evaluate whether
significant bivariate associations were independent of other,
likely correlated, aspects of the early environment (model 1).
Lastly, we considered whether these associations were
modified when adjusting for adult characteristics known to
affect CRP concentration (model 2); a ,0.05 was used as
the criterion for statistical significance, and variables with
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***p , 0.001.3. RESULTS
The median CRP concentration for the entire sample was
0.2 mg l21, and was not significantly different by gender
(table 1). Fifty-two participants (3.3%) had concen-
trations of CRP . 10 mg l21. The presence of infectious
disease symptoms at the time of blood collection was
the only significant predictor of CRP . 10 mg l21
(OR ¼ 3.64; 95% CI ¼ 2.00, 6.61; p , 0.001). Unless
noted otherwise, these individuals were excluded from
subsequent analyses. No anthropometric, socioeconomic
or other environmental quality variables were significantly
related to this level of CRP.
Bivariate analyses did not reveal any significant positive
associations between higher levels of microbial exposures
in infancy and elevated CRP in young adulthood
(table 2). Three variables were significantly associatedProc. R. Soc. B (2010)with CRP contrary to the inflammation hypothesis: indi-
viduals with elevated CRP as adults were exposed to lower
levels of animal faeces in the home, had fewer episodes of
diarrhoea in their second year and were less likely to be
born in the dry season. In addition, birth weight was a
Table 3. Results of maximum-likelihood logistic regression models predicting the probability of CRP in the top tertile
(0.7 mg l21), excluding individuals with CRP . 10 mg l21 (n ¼ 1409).a
unadjusted model 1 model 2
OR 95% CI OR 95% CI OR 95% CI
diarrhoea, 1st year (no. episodes) 0.94 0.84, 1.05 0.98 0.87, 1.10 0.98 0.87, 1.11
diarrhoea, 2nd year 0.90* 0.81, 0.99 0.90† 0.81, 1.00 0.89* 0.80, 0.99
resp. infect., 1st year 0.97 0.89, 1.06 0.97 0.88, 1.06 1.00 0.90, 1.10
resp. infect., 2nd year 1.02 0.94, 1.11 1.05 0.96, 1.15 1.00 0.91, 1.10
faeces near house (0–4) 1.00 0.82, 1.21 1.04 0.85, 1.28 1.02 0.82, 1.26
animal faeces in house (no. intervals) 0.86** 0.78, 0.94 0.86** 0.78, 0.94 0.87** 0.79, 0.96
open water source (0, 1) 0.90 0.63, 1.28 0.87 0.59, 1.26 0.91 0.60, 1.38
flush toilet (0, 1) 0.99 0.79, 1.25 0.95 0.74, 1.21 0.94 0.72, 1.24
household density (persons/room) 0.98 0.91, 1.06 0.98 0.90, 1.06 0.96 0.89, 1.05
dry season birth (0, 1) 0.70* 0.52, 0.94 0.70* 0.51, 0.94 0.67* 0.49, 0.92
birth weight (kg) 0.78† 0.59, 1.03 0.77† 0.59, 1.02 0.71* 0.53, 0.95
aModel 1 includes variables listed in table 3 and adjusts for gender. Model 2 includes these variables, but also adjusts for maternal
education, household income at birth, current household income, current waist circumference, skinfold thickness, oral contraceptive use,





Early microbial exposures and adult CRP T. W. McDade et al. 1133significant predictor of adult CRP, with lower birth
weights associated with higher CRP. Measures of post-
natal growth, breastfeeding, gestational age and parity
were not associated with adult CRP, nor did they
modify associations with other variables. These variables
were therefore not included in subsequent analyses.
We next considered microbial exposure variables, as
well as birth weight, in multiple regression models to
evaluate their relative independence in predicting CRP,
and to evaluate whether bivariate associations were
altered after adjusting for adult characteristics known to
influence CRP concentration. In logistic regression
models predicting the odds of elevated CRP, associations
between microbial exposures in infancy and adult CRP
were essentially unchanged (table 3, models 1 and 2).
Each additional reported episode of diarrhoea in the
second year of life was associated with an 11 per cent
reduction in the odds of elevated CRP in young adult-
hood. Similarly, for each bimonthly interval between 6
and 12 months of age where exposure to animal faeces
was likely, the odds of elevated CRP in adulthood were
13 per cent lower. Lastly, individuals born in the dry
season were 33 per cent less likely to have elevated CRP
as a young adult. Birth weight also remained a significant
predictor of CRP in adulthood, with each kilogram
increase in birth weight associated with a 29 per cent
reduction in the odds of elevated CRP. These associations
were independent of body fat, health behaviours and
infectious disease measures evaluated at the time of
blood collection in young adulthood.
Analysis of CRP as a continuous outcome yielded simi-
lar, though less robust, results (table 4). Higher levels of
exposure to animal faeces in infancy were associated
with significantly lower concentrations of CRP in adult-
hood. More frequent episodes of diarrhoea in infancy
and birth in the dry season were both associated with
lower CRP, although these associations were not statisti-
cally significant in bivariate or fully adjusted models.
Larger birth weight was significantly associated with
lower CRP concentration in adulthood.Proc. R. Soc. B (2010)Figures 1 and 2 present the predicted probability of
elevated CRP and the predicted concentration of CRP,
respectively, in relation to microbial exposures early in
life to demonstrate the relative strength of these associ-
ations. Moving from the highest to the lowest levels of
diarrhoea morbidity and exposure to animal faeces both
increased the predicted probability of elevated CRP by a
factor of 1.4. Dry season birth was associated with a com-
parable level of reduction in the probability of elevated
CRP. A 1 kg decrease in birth weight was associated
with a 1.3-fold increase in the probability of elevated
CRP in young adulthood. In terms of CRP concentration,
a 1 kg decrease in birth weight was associated with 21 per
cent higher CRP, while low levels of faecal exposure were
associated with 24 per cent higher CRP. Birth outside of
the dry season and low levels of diarrhoea were each
associated with 11 per cent higher concentrations of
CRP, although as noted before these differences were
not statistically significant.
We re-ran our models to include individuals with CRP
greater than 10 mg l21. Logistic regression results were
essentially the same. Tobit regression results were also
similar, with the exception of a strengthening of the
association between adult CRP concentration and birth
in the dry season (B ¼ 20.11, s.e. ¼ 0.066, p ¼ 0.10).
Results for both sets of models were unchanged when
individuals reporting current symptoms of infection
(n ¼ 198) as well as individuals with CRP . 10 mg l21
were removed from the model.4. DISCUSSION
We find no evidence for positive associations between
measures of microbial exposures in infancy and inflam-
mation in adulthood. Rather, we find several negative
associations between three distinct measures of microbial
exposure early in life and CRP production in young adult-
hood, independent of a wide range of potentially
confounding variables. We investigated this issue in an
ongoing, longitudinal study that began collecting data
Table 4. Results of Tobit regression models predicting log-transformed CRP, excluding individuals with CRP . 10 mg l21
(n ¼ 1409).a
unadjusted model 1 model 2
B s.e. B s.e. B s.e.
diarrhoea, 1st year (no. episodes) 20.028 0.024 20.021 0.025 20.018 0.024
diarrhoea, 2nd year 20.029 0.021 20.029 0.023 20.025 0.021
resp. infect., 1st year 20.005 0.019 20.009 0.020 0 0.019
resp. infect., 2nd year 0.017 0.018 0.024 0.019 0.006 0.018
faeces near house (0–4) 0.006 0.043 0.019 0.044 0.011 0.042
animal faeces in house (no. intervals) 20.075*** 0.020 20.073*** 0.020 20.063** 0.019
open water source (0, 1) 20.074 0.079 20.099 0.081 20.061 0.081
flush toilet (0, 1) 0.016 0.051 20.004 0.053 20.007 0.053
household density (persons/room) 0.011 0.016 0.011 0.017 0.004 0.016
dry season birth (0, 1) 20.083 0.063 20.078 0.063 20.082 0.060
birth weight (kg) 20.137* 0.060 20.142* 0.060 20.171** 0.057
constant 20.158 0.232 20.822† 0.469
aModel 1 includes variables listed in table 4 and adjusts for gender. Model 2 includes these variables, but also adjusts for maternal
education, household income at birth, current household income, current waist circumference, skinfold thickness, oral contraceptive use,





1134 T. W. McDade et al. Early microbial exposures and adult CRPwhile participants were in utero, and that includes detailed
information on the same set of individuals over a 22 year
period. This is a major strength of our analysis, and
increases our confidence that the reported associations
are not due to confounding or omitted variable bias.
These results run counter to the ‘cohort morbidity
phenotype’ hypothesis (Finch & Crimmins 2004;
Crimmins & Finch 2006), which predicts positive associ-
ations between infections at younger ages and
inflammation and CVD risk at older ages. However, our
results do not constitute a direct refutation, and our
study should not be interpreted as a direct test of the
hypothesis. The nature of pathogenic exposures in
the Philippines in the 1980s and in Western Europe
in the eighteenth and nineteenth centuries may be quali-
tatively distinct, making it difficult to compare results
from 22 years of prospective data with results from two
centuries of historical demographic data. Furthermore,
it is possible that the hypothesized positive associations
between infectious exposures and inflammation will
emerge after young adulthood, when indicators of cardio-
vascular risk tend to accumulate. Lastly, positive
associations between infections in childhood and adult
morbidity have been reported in other populations,
suggesting that the timing, type and intensity of infectious
exposures may be critical determinants of their long-term
effects on inflammation (Blackwell et al. 2001; Kemp &
Björkstén 2003). Unfortunately, our study lacks intensive
morbidity data beyond age two years, preventing us from
considering whether patterns of association between
infectious disease and adult CRP are different in infancy
and childhood.
Negative associations between microbial exposures in
infancy and inflammation in adulthood are broadly con-
sistent with the hygiene or ‘old friends’ hypothesis, in
which low levels of pathogen exposure early in life bias
immune development and regulatory processes in ways
that increase the likelihood of inflammatory conditionsProc. R. Soc. B (2010)such as allergy, asthma and autoimmune disease later in
life (Rook & Stanford 1998; Yazdanbakhsh et al. 2002;
Rook et al. 2004; Radon et al. 2007). Increased rates of
these and other diseases linked to inflammation are com-
monly observed following economic development in
lower income, pre-epidemiologic transition populations.
Our results are consistent with these observations, and
point to a potentially important mechanism.
Furthermore, we find stronger associations between
adult CRP and proxy measures of microbial exposure
than we do with measures of infectious morbidity in
infancy. This pattern of results supports a central com-
ponent of the old friends hypothesis: chronic exposure
to harmless microbes common throughout human evol-
utionary history is critical to immune development, and
the absence of such exposure is the key factor leading to
immune dysregulation (Rook et al. 2004, 2009). Full
blown, symptomatically experienced infectious disease is
not necessary for this protective effect, only engagement
with a rich microbial environment. Common bacteria
may play particularly important roles in this process,
and this may explain in part why we find a strong associ-
ation between adult CRP and exposure to animal faeces
in infancy, and no association between CRP and
measures of likely viral exposure like household density.
Unfortunately, our surrogate measures of pathogen
exposure do not allow detailed characterization of the
microbial environment, particularly with respect to
identifying specific classes of pathogens.
Recent research has underscored the importance of
plasticity and ecological responsiveness in the develop-
ment and function of the immune system, and
microbial exposures in infancy may comprise a critical
set of inputs that promote the development of regulatory
T cells and effective anti-inflammatory regulatory net-
works (Yazdanbakhsh et al. 2002; Rook et al. 2004;
McDade 2005). We speculate that a lack of such inputs





























































Figure 1. Probability of elevated CRP in relation to birth
weight and pathogen exposure in infancy. Note: values are
predicted probability of CRP in top tertile for the entire
sample (excluding individuals with CRP  10 mg l21)
based on coefficients from table 3, model 2, with upper
bound of 95% CI. Low and high values for predictors were
set as follows: birth weight (2.5 and 3.5 kg); diarrhoea, 2nd
year (0, 3 or more episodes); animal faeces exposure (0, 3
or more intervals); born in dry season (no, yes). Original
values were retained for other covariates. Unshaded box,




















































Figure 2. Concentration of CRP in relation to birth weight
and pathogen exposures in infancy. Note: values are pre-
dicted concentration of CRP in the entire sample
(excluding individuals with CRP  10 mg l21) based on
coefficients from table 4, model 2. Predicted values are pre-
sented with the standard error of the estimate. Low and high
values for predictors were set as follows: birth weight (2.5
and 3.5 kg); diarrhoea, 2nd year (0, 3 or more episodes);
animal faeces exposure (0, 3 or more intervals); born in
dry season (no, yes); adult waist circumference (+1 s.d.);
adult skinfold thickness (+1 s.d.). Original values were
retained for other covariates. Unshaded box, low/no;
shaded box, high/yes.
Early microbial exposures and adult CRP T. W. McDade et al. 1135is more likely to produce CRP in response to inflamma-
tory stimuli, or less likely to downregulate CRP
production following activation. Epigenetic modifications
to regulatory genes related to CRP are a potential mech-
anism linking early exposures with adult phenotypes that
are worthy of further investigation (Bateson et al. 2004;
Waterland & Michels 2007).
These mechanisms may explain, in part, the exception-
ally low concentrations of CRP in our sample from the
Philippines. In the USA, median CRP has been reported
to be 2 mg l21 for adults 17 years and older (King et al.
2003), and 0.9 mg l21 for 20–29-year-old men (Ford
et al. 2003). In Scotland and Germany, geometric mean
concentrations for 25–34-year-olds ranged from 0.81 to
1.25 mg l21 for men and women (Hutchinson et al.
2000). Much of the four to tenfold difference in CRP
concentrations between these nations and the Philippines
may be attributed to differences in body fat, with higher
levels of overweight and obesity in the USA and
Europe. However, in prior analyses, we have found that
even in the ranges of the body fat distribution that overlap
between Cebu and the USA, age- and gender-matched
levels of CRP were elevated in the USA (McDade et al.
2009). To the extent that levels of microbial exposure
in infancy were higher in the Philippines than in the
USA and Europe 20 years ago, lower concentrations of
CRP among Filipino adults are consistent with the
hypothesis that early microbial exposures have lasting
anti-inflammatory effects. And to the extent that a pro-
inflammatory phenotype contributes to the developmentProc. R. Soc. B (2010)of CVD, findings from the Philippines raise the intriguing
possibility that early microbial exposures may be protective.
To the best of our knowledge, this study is the first to
document an association between birth weight and CRP
in adulthood using data from a prospective birth cohort.
This finding is consistent with a recent study in Scotland,
in which CRP concentrations in adulthood (age 30–59
years) were negatively associated with birth weight as
recalled by study participants (Sattar et al. 2004). In
addition, low birth weight has recently been associated
with elevated CRP in five-year-old children in Bangla-
desh, suggesting that effects of birth weight on CRP
may emerge in childhood (Raqib et al. 2007). The nega-
tive association between birth weight and adult CRP is
also consistent with the large number of studies linking
lower birth weights with the adult onset of CVD and dia-
betes as well as indicators of risk including blood
pressure, total and HDL cholesterol, and insulin resist-
ance (Rich-Edwards et al. 1999). Inflammation may
therefore be an important mechanism that contributes
to the consistently documented association between
lower birth weight and increased risk for cardiovascular
and metabolic disease later in life (Barker & Osmond
1986; Barker 1994; Gluckman et al. 2008).
Limitations of our study include the use of a single
CRP measure, which makes it more difficult to differen-
tiate acute episodes of inflammation from chronic,
low-grade increases in CRP concentration. We also rely
on proxy—rather than direct—measures of microbial
exposure and bimonthly morbidity interviews to capture
1136 T. W. McDade et al. Early microbial exposures and adult CRPthe quality of the early environment with respect to infec-
tious exposures. While neither set of variables provides a
complete picture of infectious or microbial burden, the
study is unique in its wide range of measures and the pro-
spective nature of data collection. However, as with any
cohort, attrition in our study has resulted in a sample
that is no longer representative of the original cohort.
Out migration accounts for the majority of lost partici-
pants, and caution is therefore warranted when applying
these findings to other populations. Lastly, the signifi-
cance of elevated CRP for cardiovascular and metabolic
disease risk in this population is not clear, particularly
given the relatively low concentrations compared with
western populations. Future follow-up surveys will be
required to determine whether reduced concentrations
of CRP, and the antecedent conditions associated with
the regulation of inflammation, shape the course of
chronic degenerative disease in the Philippines as well as
other populations in the midst of the nutrition transition.Funding for this study was provided by the National
Institutes of Health (RO1 HL085144; 5 RO1 TW05596);
biomarker data collection was supported by pilot funds
from the Interdisciplinary Obesity Center (RR20649) and
the Center for Environmental Health and Susceptibility
(ES10126; project 7-2004-E).REFERENCES
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